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We systematically study exclusive diffractive (photo) production of vector mesons (J/ψ, ψ(2s),
φ and ρ) off protons in high-energy collisions and investigate whether the production is a sensi-
tive probe of gluon saturation. We confront saturation-based results for diffractive ψ(2s) and ρ
production at HERA and J/ψ photoproduction with all available data including recent ones from
HERA, ALICE and LHCb, finding good agreement. In particular, we show that the t-distribution
of differential cross sections of photoproduction of vector mesons offers a unique opportunity to
discriminate among saturation and non-saturation models. This is due to the emergence of a pro-
nounced dip (or multiple dips) in the t-distribution of diffractive photoproduction of vector mesons
at relatively large, but potentially accessible |t| that can be traced back to the unitarity features of
colour dipole amplitude in the saturation regime. We show that in saturation models the dips in
t-distribution recede towards lower |t| with decreasing mass of the vector meson, increasing energy
or decreasing Bjorken-x, and decreasing virtuality Q. We provide various predictions for exclusive
(photo) production of different vector mesons including the ratio of ψ(2s)/J/ψ at HERA, the LHC,
and future colliders.
I. INTRODUCTION
There is strong theoretical evidence that quantum chromodynamics (QCD) at high-energy (or small Bjorken-
x) leads to a non-linear regime where gluon recombination or unitarity effects become important [1, 2], resulting
in a saturation of parton densities in hadrons and nuclei. The quest for experimental evidence of the possible
signature of gluon saturation phenomenon has been the program of various past or existing experiments from
HERA and RHIC to the LHC, and future experiments such as an Electron-Ion Collider (EIC) [3] and the LHeC
[4]. Nevertheless, experimental evidence that can unarguably point towards gluon saturation phenomenon, has
been elusive so far. This is because the experiments currently at our disposal are limited in their kinematic
coverage, and often other approaches provide alternative descriptions of the same sets of data.
An effective field theory approach that describes the high-energy limit of QCD is the colour glass condensate
(CGC), see the review [5]. In this formalism, the standard quantum evolution equations (with large logarithms
of 1/x resummed), lead to a situation in which the occupancy of the slow modes in the hadron is so high than
they can be treated classically, with the fast modes considered as sources. The corresponding renormalisation
group equations, known in the limit of scattering of a dilute probe on a dense hadron, are the so-called Jalilian-
Marian-Iancu-McLerran-Weigert-Leonidov-Kovner (JIMWLK) hierarchy of equations [6] or, in the large Nc
limit, the Balitsky-Kovchegov (BK) equation [7], presently known to next-to-leading accuracy [8, 9].
One of the most crucial tests of the CGC (or saturation) approach has been its success in the description
of the highly precise combined data of the proton structure at HERA [10–12] alongside data from exclusive
diffractive processes in electron-proton collisions, such as exclusive vector meson production and deeply virtual
Compton scattering (DVCS) [11, 12]. Nevertheless, the standard DGLAP-type approaches - without inclusion
of any saturation effect - give an equally good description of the same data. While the CGC description can be
considered more economical due to the use of a significantly smaller number of fitting parameters, it is limited to
small-x data and restricted to the gluon sector. On the other hand, in addition to DIS and diffractive processes
[10–16], within the CGC framework it is also possible to simultaneously describe other high-energy hadronic
interactions in a regime not currently accessible to approaches that rely on collinear factorisation. For example,
in proton-proton [17] and nuclear collisions [18–22] several observables have been successfully addressed: single
inclusive hadron [23–28] and prompt photon [25, 29] production, and semi-inclusive photon-hadron [29, 30] and
dihadron [31] productions. For a recent review, see Ref. [32] and references therein.
Exclusive diffractive vector meson production provides a rich testing ground of many QCD novel properties
2[11–16, 33–39]. In particular, by measuring the squared momentum transfer t, one can study the transverse
spatial distribution of the gluons in the hadron wave function that cannot be probed in inclusive DIS. In this
respect, new experimental measurements are under way. The LHCb and ALICE collaborations have recently
released new data on J/ψ photoproduction with photon-proton center-of-mass energies up to about 1.3 TeV
[40–42], the highest energy ever measured so far in this kind of reaction. Alongside this, the H1 Collaboration
also recently reported some new data for J/ψ with improved precision [43]. On the other hand, the recently
released high-precision combined HERA data [44, 45] that were not available at the time of previous studies of
diffractive processes [3, 4, 13–15, 46], provide extra important constraints on saturation models [11, 12].
In this work, we analyse these data on exclusive photoproduction of vector mesons off the proton and provide
predictions for the kinematics accessible in future experiments. We show that the freedom to choose the charm
mass in the range consistent with global analysis of inclusive observables, results in sizable uncertainties for the
total cross-section of elastic photoproduction of vector mesons. Nevertheless, we show that, even with these
uncertainties, the recent LHC data [41, 42] seem to favour the saturation picture. We systematically study
elastic diffractive production of different vector mesons J/ψ, ψ(2s), φ and ρ off protons and investigate which
vector meson production is more sensitive to saturation physics and what measurement can potentially be a
better probe of the signal. In particular, we study ψ(2s) diffractive production by constructing the ψ(2s) forward
wave function via a fit to the leptonic decay, and we provide various predictions for diffractive ψ(2s) production
as well as the ratio of ψ(2s)/J/ψ at HERA and the LHC. Furthermore, we find that the corresponding t-
distributions of differential cross-section may unambiguously discriminate among saturation and non-saturation
models. This is due to the emergence of a pronounced dip (or multiple dips) in the t-distribution of diffractive
photoproduction of vector mesons at relatively large |t| (but within reach of future experiments [3, 4]) which
is directly related to saturation physics. In this way, we go beyond existing recent works on J/ψ and ψ(2s)
production both in the dipole model [47, 48] and in pQCD [49–52], and of lighter mesons in the dipole model
[53].
This paper is organised as follows. In section II, we introduce the formulation of the colour dipole approach
for calculating exclusive diffractive processes. In section III, we introduce the IP-Sat and b-CGC dipole models.
In section IV, we present a detailed numerical analysis and our main results. In subsection A we first show our
results and predictions for the total diffractive cross-section of different vector mesons, while in subsection B we
discuss the origin of the dips in the t-distribution of diffractive photoproduction of vector mesons and provide
predictions for future experiments. We summarise our main results in section V.
II. EXCLUSIVE DIFFRACTIVE PROCESSES IN THE COLOUR-DIPOLE FORMALISM
In the colour dipole formalism, the underlying mechanism for diffractive production of different vector mesons
and for inclusive DIS is similar. Namely, one must calculate the probability of finding a colour dipole of transverse
size r with impact parameter b in the wave function of a (real or virtual) photon or of a vector meson. Similar to
the case of the inclusive DIS process, the scattering amplitude for the exclusive diffractive process γ∗+p→ V +p,
with a final state vector meson V = J/ψ, ψ(2s), φ, ρ (or a real photon V = γ in DVCS), can be written in terms
of a convolution of the dipole amplitude N and the overlap of the wave functions of the photon and the exclusive
final state particle (see [11, 12, 14] and the references therein),
Aγ∗p→V pT,L = 2i
∫
d2r
∫
d2b
∫ 1
0
dz (Ψ∗VΨ)T,L(r, z,mf ,MV ;Q
2) e−i[b−(1−z)r]·∆N (x, r, b) , (1)
with ∆2 = −t and t being the squared momentum transfer. In this equation, N is the imaginary part of
the forward qq¯ dipole-proton scattering amplitude with transverse dipole size r and impact parameter b. The
parameter z is the fraction of the light cone momentum of the virtual photon carried by the quark and mf
denotes the mass of the quark with flavour f . The above expression can be understood in light front time
as distinct chronological subprocesses, namely the γ⋆ first fluctuates into a quark-antiquark pair (the so-called
colour qq¯-dipole) which then interacts with the target. Finally the qq¯ pair recombines to form the final state
vector meson. In Eq. (1) summations over the quark helicities and over the quark flavour f = u, d, s, c are
implicit. The phase factor exp (i(1− z)r ·∆) in the above equation is due to the non-forward wave-function
contribution [54]. In Eq. (1), the Ψ∗VΨ is the forward overlap wave function of photon and vector meson (see
below).
3The differential cross-section of the exclusive diffractive processes can then be written in terms of the scattering
amplitude as [12, 14, 15],
dσγ
∗p→V p
T,L
dt
=
1
16π
∣∣∣Aγ∗p→V pT,L ∣∣∣2 (1 + β2)R2g, (2)
with
β = tan
(
πδ
2
)
,
Rg(δ) =
22δ+3√
π
Γ(δ + 5/2)
Γ(δ + 4)
,
δ ≡
∂ ln
(
Aγ∗p→V pT,L
)
∂ ln(1/x)
, (3)
where the factor (1 + β2) takes into account the missing real part of amplitude (notice that the amplitude
in Eq. (1) is purely imaginary), with β being the ratio of real to imaginary parts of the scattering amplitude
[11, 12, 14]. The factor Rg incorporates the skewness effect, coming from the fact that the gluons attached
to the qq¯ can carry different light-front fractions x, x′ of the proton [55–57]. The skewedness factor given in
Eq. (3) was obtained at NLO level, in the limit that x′ ≪ x ≪ 1 and at small t assuming that the diagonal
gluon density of target has a power-law form [55]. Note that there are uncertainties with respect to the actual
incorporation of the skewness correction at small x in dipole models1 [58]. However, these uncertainties will not
affect our main results and conclusions.
The forward photon wave functions at leading order is well known in QCD, see e.g. Refs. [59, 60]. The
normalized photon wave function for the longitudinal photon polarization (λ = 0) and the transverse photon
polarisations (λ = ±1) are given by [61],
Ψhh¯,λ=0(r, z,Q) = ef
√
4παem
√
Nc δh,−h¯ 2Qz(1− z)
K0(ǫr)
2π
, (4)
Ψhh¯,λ=±1(r, z,Q) = ±ef
√
4παem
√
2Nc
{
ie±iθr [zδh,±δh¯,∓ − (1− z)δh,∓δh¯,±]∂r + mfδh,±δh¯,±
} K0(ǫr)
2π
,(5)
where Nc is the number of colours, the subscripts h and h¯ denote the helicities of the quark and the antiquark
respectively and θr is the azimuthal angle between the vector r and the x-axis in the transverse plane. We have
used a notation ǫ2 ≡ z(1− z)Q2 +m2f where the subscript f denotes the flavour.
Following Refs. [11–14, 62, 63], we assume that the forward vector meson wave functions ΨV are effectively
dominated by the qq¯ Fock component and have the same spin and polarization structure as in the case of the
photon:
ΨV
hh¯,λ=±1(r, z) = ±
√
2Nc
1
z(1− z)
{
ie±iθr [zδh,±δh¯,∓ − (1− z)δh,∓δh¯,±]∂r + mfδh,±δh¯,±
}
φT (r, z), (6)
ΨV
hh¯,λ=0(r, z) =
√
Ncδh,−h¯
[
MV + δ
m2f −∇2r
MV z(1− z)
]
φL(r, z), (7)
where ∇2r ≡ (1/r)∂r + ∂2r , MV is the meson mass and the effective charge is defined eˆf = 2/3, 1/3, or 1/
√
2,
for J/ψ (and ψ(2s)), φ or ρ mesons respectively2. The longitudinally polarised vector meson wave function is
slightly more complicated than in the case of the photon since the coupling of the quarks to the meson is non-
local [62]. For the scalar parts of the wave functions φT,L(r, z), we employ the boosted Gaussian wave-functions
with the Brodsky-Huang-Lepage prescription [64]. The boosted Gaussian wave-functions were found to provide
1 In the IP-Sat model [11], the skewness effect can be simply incorporated by multiplying the gluon distribution xg(x, µ2) by a
factor Rg(γ) with γ ≡
∂ ln[xg(x,µ2)]
∂ ln(1/x)
. This is consistent with the prescription given in Eqs. (2, 3) [12].
2 See [53] for a study of the impact of different forms of the wave function on ρ production.
4a very good description of exclusive diffractive HERA data [11, 12, 14]. For the ground state vector meson (1s)
and its first excited state 2s, the scalar function φT,L(r, z), has the following general form [62, 63],
φ1sT,L(r, z) = NT,Lz(1− z) exp
(
− m
2
fR21s
8z(1− z) −
2z(1− z)r2
R21s
+
m2fR21s
2
)
, (8)
φ2sT,L(r, z) = NT,Lz(1− z) exp
(
− m
2
fR22s
8z(1− z) −
2z(1− z)r2
R22s
+
m2fR22s
2
)
×
[
1 + α2s
(
2 +
m2fR22s
4z(1− z) −
4z(1− z)r2
R22s
−m2fR22s
)]
, (9)
where the parameter α2s controls the position of the node of the radial wave function of the V (2s). The
boosted Gaussian wave function3 has several advantages over other commonly used models, namely it is more
self-consistent, it is fully boost invariant and it has the proper short-distance limit at mf → 0.
The normalisation and orthogonality conditions allow the missing higher order Fock component of the wave
functions to be effectively absorbed into the overall normalisation factor,
Nc
2π
∫ 1
0
dz
z2(1− z)2
∫
d2r
{
m2f (φ
1s(2s)
T )
2 +
[
z2 + (1− z)2] (∂rφ1s(2s)T )2
}
= 1, (10)
Nc
2π
∫ 1
0
dz
∫
d2r
[
MV φ
1s(2s)
L + δ
m2f −∇2r
MV z(1− z) φ
1s(2s)
L
]2
= 1, (11)
Nc
2π
∫ 1
0
dz
z2(1− z)2
∫
d2r
{
m2fφ
1s
T φ
2s
T +
[
z2 + (1− z)2] ∂rφ1sT ∂rφ2sT } = 0. (12)
Another important input is the leptonic decay width of the vector meson which is given by
ΓV→e+e− =
4πα2emf
2
V
3MV
, (13)
where the decay widths are given by [13, 14],
fV,T = eˆf
Nc
2πMV
∫ 1
0
dz
z2(1− z)2
{
m2f −
[
z2 + (1− z)2]∇2r}φT (r, z)
∣∣∣∣
r=0
, (14)
fV,L = eˆf
Nc
π
∫ 1
0
dz
[
MV + δ
m2f −∇2r
MV z(1− z)
]
φL(r, z)
∣∣∣∣∣
r=0
. (15)
In the above, consistent with underlying dynamics of the vector meson production in the colour-dipole factori-
sation, we assumed that the leptonic decay V → γ⋆ → e+e− can be also described by a factorized from in which
the vector meson contributes mainly through its properties at the origin.
The vector meson wave function in the boosted Gaussian model, has only 3 (4 for 2s state) parameters,
namely NT,L,R and α2s which are determined from normalisation, the orthogonality conditions and a fit to
the experimental leptonic decay width. For the case of 1s ground state vector meson production we have
α2s = 0. Unfortunately we do not have experimental data for leptonic decay width for longitudinal and
transverse polarisations component separately. Therefore, we assume that the measured experimental value is
the average between those for longitudinal and transverse polarisations. Note that the parameters of the wave
function cannot be uniquely extracted from the conditions indicated above; namely, several sets of solutions
3 Note that the Coulomb term [62] has been ignored in the wave function here because adding it introduces another parameter
to the wave function (plus an unknown running coupling) and a singular behaviour at the origin, However, this should not be
important at high energy for large dipole sizes, and its contribution should be either negligible or simply absorbed into the
remaining parameters of the wave function. On the phenomenology side, there is no strong evidence of Coulomb contribution
even at lower energy at HERA, and indeed a good fit of vector meson wave function to leptonic decay can be found even without
it as done in [12] and here, see table I.
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FIG. 1: The scalar part of the light-cone wave function of J/ψ and ψ(2s) with mc = 1.4 GeV for two different values of
z.
Meson mf/GeV NL NT R
2/GeV2 α2s MV /GeV Γ
exp
e+e−
/KeV Γe+e−/KeV
J/ψ mc = 1.4 0.57 0.57 2.45 0 3.097 5.55± 0.14 5.54
J/ψ mc = 1.27 0.592 0.596 2.45 0 3.097 5.55± 0.14 5.46
ψ(2s) mc = 1.4 0.67 0.67 3.72 -0.61 3.686 2.37± 0.04 2.39
ψ(2s) mc = 1.27 0.69 0.70 3.72 -0.61 3.686 2.37± 0.04 2.35
ρ mu,d,s = 0.01 0.894 1.004 13.3 0 0.775 7.04± 0.06 7.06
ρ mu,d,s = 0.14 0.852 0.908 13.3 0 0.775 7.04± 0.06 7.02
TABLE I: Parameters of the boosted Gaussian vector meson wave functions for J/ψ, ψ(2s) and ρ obtained for two
different values of quark masses.
exist. In order to put more constrain on the parameters of the wave function, it is natural to assume that
NT ≈ NL (or NT = NL). This is because in the boosted Gaussian wave function there is only one radius
parameter which should dynamically give the correct normalisation for both longitudinal and the transverse
polarisations component up to a prefactor that mimics the missing higher order Fock components.
The parameters for J/ψ, ψ(2s) and ρ determined from the above conditions are given in table I. In this table
we also compare the value of Γe+e− obtained from our fit with the experimental result Γ
exp
e+e−
. Note that in
order to estimate the possible theoretical uncertainties associated with the condition NT = NL, in table I, we
also give a parameter set extracted by relaxing this condition. The preferred values of NT and NL are similar
as we expect. It is also shown in table I that a different value for the charm and light quark masses mainly
affects the normalisation of the wave function. In Fig. 1, we show the scalar part of the light-cone wave function
of J/ψ and ψ(2s) using the parameter set corresponding to mc = 1.4 GeV. The position of node in ψ(2s) wave
function changes with the value of z.
Note that in Ref. [14] it was assumed that fV,T = fV,L while running NT and NL freely in a fit. We do
not impose this condition here, although the values of fV,T and fV,L obtained in our scheme become rather
similar. In our approach, for the case of J/ψ and ρ, we obtained Γe+e− = 5.54 KeV and 7.02 KeV while in the
approach of Ref. [12] for the same quark masses we have Γe+e− = 6.79 and 9.52 KeV respectively, compared to
the experimental value of Γexp
e+e−
= 5.55 ± 0.14 for J/ψ and Γexp
e+e−
= 7.04 ± 0.06 for ρ [65]. We checked that
with the new parameter sets given in table I, the description of the diffractive J/ψ production at HERA and
the LHC will be similar compared to the one with the old vector meson wave function parameter sets.
6III. IMPACT-PARAMETER DEPENDENT DIPOLE MODELS
The common ingredient for the total (and reduced) cross-sections (i.e. for the proton structure functions in
DIS) and for exclusive diffractive vector meson production Eq. (1), is the universal qq¯ dipole-proton forward
scattering amplitude. Although the impact-parameter dependence of the dipole amplitude is less important for
inclusive processes, it is crucial for describing exclusive diffractive ones. Note that the impact-parameter profile
of the dipole amplitude entails intrinsically non-perturbative physics, which is beyond the QCD weak-coupling
approach to small-x physics [66–68]. Therefore, the impact-parameter dependence of the dipole amplitude,
unfortunately, can only be treated phenomenologically at this time. Supported by experimental data, it is
generally assumed a Gaussian profile for gluons where the width of the profile, as only free parameter, is fixed
via a fit to diffractive data at HERA. We use two well-known impact-parameter dependent saturation models, the
so-called IP-Sat [11, 13] and b-CGC [12, 15] models which both have been very successful in phenomenological
applications from HERA to RHIC and the LHC.
In the IP-Sat model [13], the proton-dipole forward scattering amplitude is given by
N (x, r, b) = 1− exp
(
−π
2r2
2Nc
αs
(
µ2
)
xg
(
x, µ2
)
TG(b)
)
, (16)
TG(b) =
1
2πBG
exp
(−b2/2BG) , (17)
where TG(b) is the gluon impact-parameter profile and xg
(
x, µ2
)
is the gluon density, evolved with dipole
transverse size r up to the scale µ2 = 4/r2 + µ20 with LO DGLAP gluon evolution (neglecting its coupling to
quarks) with initial gluon distribution at the scale µ20
xg
(
x, µ20
)
= Ag x
−λg (1 − x)5.6. (18)
We take the corresponding one-loop running-coupling value of αs for four flavours, with ΛQCD = 0.156 GeV fixed
by the experimentally measured value of αs at the Z
0 mass. The contribution from bottom quarks is neglected.
The IP-Sat dipole amplitude can be derived at the classical level in the CGC [2]. Through eikonalization
it explicitly maintains unitarity while matching smoothly the high Q2 perturbative QCD limit via DGLAP
evolution. The eikonalization of the gluon distribution in the IP-Sat model represents a resummation of higher
twist contributions which become important at small x. The first term of the expansion of the exponential in
Eq. (16) corresponds to the leading-order pQCD expansion for the dipole amplitude in the colour-transparency
region, as opposed to the saturation case, and it is here called the 1-Pomeron model.
In the b-CGC dipole model [15], the colour dipole-proton forward scattering amplitude is given by
N (x, r, b) =


N0
(
rQs
2
)2γeff
for rQs ≤ 2 ,
1 − exp (−A ln2 (BrQs)) for rQs > 2 ,
(19)
where the effective anomalous dimension γeff and the saturation scale Qs of the proton explicitly depend on
the impact parameter and are defined as
γeff = γs +
1
κλY
ln
(
2
rQs
)
,
Qs ≡ Qs(x, b) =
(x0
x
)λ
2
exp
{
− b
2
4γsBCGC
}
GeV, (20)
where Y = ln(1/x) and κ = χ′′(γs)/χ
′(γs), with χ being the LO BFKL characteristic function. The parameters
A and B in Eq. (19) are determined uniquely from the matching of the dipole amplitude and its logarithmic
derivatives at rQs = 2. The b-CGC model is constructed by smoothly interpolating between two analytically
known limiting cases [69], namely the solution of the BFKL equation in the vicinity of the saturation line for
small dipole sizes, and the solution of the BK equation deep inside the saturation region for large dipole sizes
[70, 71].
Although both the b-CGC and the IP-Sat models include saturation effects and depend on impact-parameter,
the underlying dynamics of two models is quite different, namely saturation in the b-CGC and the IP-Sat
7models is probed through the increase of the gluon density (in the dilute regimes) driven by BFKL and DGLAP
evolutions, respectively. For detailed comparisons of two saturation models, see Ref. [12].
The parameters of the dipole amplitudes in the IP-Sat (µ0, Ag, λg) and b-CGC (N0, γs, x0, λ) models were
determined via a fit to the recent combined HERA data for the reduced cross-sections [44, 45] in the range
Q2 ∈ [0.75, 650]GeV2 and x ≤ 0.01. The widths of the impact-parameter profiles, BG and BCGC in the IP-Sat
and b-CGC models respectively, were iteratively fixed to give a good description of the t-dependence of exclusive
diffractive J/ψ production at HERA (at small-t where data lie), while at the same time this consistently fixes the
normalisation of the inclusive reduced cross-section without further adjustment and give an excellent description
of all other diffractive data (for different vector mesons and DVCS production) at small x [11, 12]. The values of
parameters of the models can be found in Refs. [11, 12]. Note that in both the IP-Sat and b-CGC models, the
fit to the recent combined HERA data at x ≤ 0.01 becomes stable for Q2 ≥ Q2min = 0.75GeV2: one observes a
steady increase in χ2 with decreasing values of Q2min [11, 12]. Therefore, our photoproduction results at Q ≈ 0
may be considered as a test of the model beyond the kinematics where it was fitted. But the generic features
of our results there, are expected not to be affected by this extrapolation.
For vector meson production, the dipole amplitude in Eq. (1) is evaluated at x = xBj
(
1 +M2V /Q
2
)
, where
MV denotes the mass of the vector meson
4 and xBj is Bjorken-x.
We stress again that in the master equations (1), (2), (3), the small-x dynamics encoded in the dipole
amplitude N (x, r, b), including its impact-parameter dependence, is the same for different vector mesons
J/ψ, ψ(2s), φ, ρ and for DVCS, while the overlap wave functions between the photon and the vector mesons
Ψ∗VΨ, control the typical transverse dipole size which contributes at a given kinematics.
IV. MAIN NUMERICAL RESULTS AND PREDICTIONS
A. Total cross-section of exclusive diffractive production
We first focus on the total cross-section of elastic diffractive production of various vector mesons. Here and
thereafter, for the total cross-section we perform the integral over |t| ∈ [0, 1]GeV2 (unless it is explicitly given).
The advantage of the J/ψ over other vector mesons is that because of its large mass, the calculation both
for the cross-section and the overlap wave function are under better theoretical control and can be treated
perturbatively. In Fig. 2, we compare the results for the total J/ψ cross-section as a function of center-of-mass
energy of the photon-proton system Wγp, obtained using the IP-Sat and b-CGC dipole models with a fixed
charm mass mc = 1.27 GeV. Both models with parameters extracted via a fit to the recent combined HERA
data [11, 12], give consistent results with the LHCb data [40]. However, the b-CGC model with the parameters
extracted via a fit to the old data (the F2 structure function) [15], underestimates the recent LHCb data. The
results obtained from the b-CGC and IP-Sat models are slightly different at very high energies due to the fact
the power-law behaviour of the saturation scale in these two models is different [12].
In Fig. 3, we compare the results obtained from saturation models and from a pQCD approach at LO and
NLO [76] with all available data from fixed target experiments to the recent ones from the H1, ZEUS, LHCb
and ALICE collaborations5 [41–43, 72–75]. The band labeled ”CGC” includes the saturation results obtained
from the IP-Sat and b-CGC models with the parameters of models constrained by the recent combined HERA
data. Note that the LHCb data points in Fig. 3 were not used for fixing the model parameters, and therefore
our CGC results in Fig. 3 at high energy can be considered as predictions. Also note that diffractive J/ψ
production is sensitive to the charm quark mass at low Q2. This is because the scale in the integrand of the
cross-section is set by the charm quark mass for low virtualities Q2 < m2c . The CGC band in Fig. 3 also includes
the uncertainties associated with choosing the charm mass within the range mc = 1.2÷ 1.4 GeV extracted from
a global analysis of existing data at small-x x < 0.01 [11, 12]. In Fig. 3, we compare with the LHCb updated
data released in 2014 [41] which are significantly more precise compared to earlier measurements [40] (see also
4 At Q2 = 0, we have x = M2V /(W
2
γp −M
2
N ) where MN denotes the nucleon mass and Wγp is the center-of-mass energy of the
photon-proton system.
5 For the purpose of illustrating the precision that could be achieved in future experiments, both in Fig. 2 and in Fig. 3 we also
show the LHeC pseudo-data obtained from a simulation [4] based on a power-law extrapolation of HERA data.
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FIG. 2: Total J/ψ cross-section as a function of Wγp, compared to results from the b-CGC and IP-Sat models with
parameters of the models determined via a fit to the recent combined data from HERA [11, 12] and the old F2 structure
function [15] (dashed-dotted line, labeled b-CGC 2008). The data are from fixed target experiments [72], the H1, ZEUS
[43, 73–75], LHCb [41] and ALICE (preliminary data) [42] Collaborations. We also show the LHeC pseudo-data obtained
from a simulation [4].
Fig. 4 right panel). It is seen that the ALICE [42] and LHCb [41] data are in good agreement with the CGC
predictions while there seem to be some tensions between the experimental data and the pQCD results (labeled
MNRT LO and NLO) at high Wγp. It was recently shown that including the LHCb data in the pQCD fit,
allows a better constraint on the low-x gluon distribution [49].
In Fig. 4, we show the charm-mass dependence of the total J/ψ cross-section as a function of Wγp. Within
the saturation models, a lower charm mass about mc ≈ 1.27 GeV is preferred. However, in the non-saturation
version of the IP-Sat model (1-Pomeron), a larger charm mass about mc ≈ 1.4 GeV provides a better agreement
with experimental data (see the right panel of that figure). In Fig. 4 right panel, we also show ALICE preliminary
data [42], the LHCb updated data (labeled LHCb 2014) [41] and earlier LHCb data [40] (labeled LHCb 2013).
It is seen that the combined ALICE and LHCb updated 2014 data are more in favour of the saturation than
of the 1-Pomeron model results at high Wγp. Nevertheless, in order to clearly discriminate among models one
should first more accurately determine the charm mass. This can be done by precise measurements of the charm
structure function F c2 or a reduced cross-section for charm production in a wider range of kinematics, including
at small virtualities, than those currently available at HERA (restricted to Q2 ≥ 2.5GeV2 and x ≥ 3 × 10−5
[45]). Such measurements can in principle be done in the projected LHeC [4].
In Fig. 5, we show the total cross-section of elastic diffractive photoproduction of ψ(2s) as a function of Wγp
obtained from the IP-Sat and b-CGC saturation models with different charm masses corresponding to different
parameter sets of the dipole amplitude. Note that the experimental data [77] are for quasi-elastic (Z > 0.95)
photoproduction of ψ(2s) while all theory curves are for elastic diffractive production with elasticity Z = 1.
The elasticity is defined as Z = Eψ(2s)/Eγ ≈ (W 2 −M2Y )/(W 2 −m2p) where MY is the effective mass of the
hadrons produced in the dissociation of the proton. In the right panel, we compare the results obtained from
the 1-Pomeron and the saturation models. It is seen that within theoretical uncertainties associated with charm
mass, the 1-Pomeron and the saturation models give rather similar results in the range of energy shown in
Fig. 5. This is mainly due to the fact that the ψ(2s) is heavier than J/ψ, therefore effective dipole sizes r ∼ 1/ǫ
which contribute to the total cross-section are smaller for ψ(2s) than for J/ψ. Note that although the scalar
part of the ψ(2s) wave function extends to large dipole sizes (see Fig. 1), due to the existence of the node, there
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FIG. 3: Total J/ψ cross-section as a function of Wγp, compared to results from the CGC/Saturation (orange band)
calculated from the b-CGC and IP-Sat models [11, 12]. The CGC band includes the uncertainties associated with our
freedom to choose the charm mass within the range mc = 1.2÷ 1.4 GeV. The results of pQCD fits at LO and NLO [76]
are taken from [43]. The experimental data are the same as in Fig. 2.
is large cancellation between dipole sizes above and below the node position. As a result, the total cross-section
of ψ(2s) is suppressed compared to J/ψ production, see Figs. 5,6.
In Fig. 6, we show the ratio of the cross-section for ψ(2s) and J/ψ for diffractive production R = ψ(2s)/J/ψ
as functions of Wγp at Q = 0 (top left panel), Q
2 at a fixed Wγp = 95 GeV (top right panel), Wγp at a fixed
Q2 = 10 GeV2 (bottom left panel) and |t| at a fixed Q2 = 10 GeV2 and Wγp = 120 GeV (bottom left panel). It
is seen that at a fixed high virtualities, the ratio R has little dependence to |t| and Wγp (bottom panel), while
the ratio R increases with virtualities at a fixed Wγp (top right panel). It is also seen in Fig. 6 (top left panel)
that the photoproduction ratio R(Q = 0) increases with Wγp and becomes sensitive to different saturation
models. Therefore, precise measurements of the ratio of diffractive photoproduction of ψ(2s) and J/ψ at HERA
and the LHC can provide valuable extra constraint on the saturation models.
In Fig. 7, we show total diffractive ρ meson cross-section as a function of Wγp at different virtualities Q
2 =
0, 2.4, 3.3, 6, 13.5GeV2, compared to results obtained from the b-CGC and the IP-Sat models. In the case
of photoproduction, similar to experimental measurement, we perform the integral over t ∈ [0, 0.5]GeV2. The
orange band labeled CGC includes results from both the IP-Sat and b-CGC models with uncertainties associated
to our freedom to choose different light-quark masses within a range mu,d,s = 0.01÷0.14 GeV. We also compare
the CGC/saturation results with those obtained from the 1-Pomeron model with two different light quark masses
mu,d,s = 0.01 and 0.14 GeV. It is seen that 1-Pomeron results are significantly different from the saturation
models, and HERA data can already rule out the 1-Pomeron model with light quark masses. Notice that
increasing the light quark masses to mu,d,s ≈ 0.35 ÷ 0.4 GeV (not shown in Fig. 7), significantly reduces the
cross-section in the 1-Pomeron model and brings it closer to the saturation results with mu,d,s = 0.01 ÷ 0.14
GeV. However, a dipole model with such a large light-quark masses does not provide a good description of the
structure functions at very low virtualities [11, 12]. This may indicate the existence of large non-linear effects for
the diffractive photoproduction of the ρ meson. Note that, as we already pointed out, the effective dipole size
which contributes to the cross-section is proportional to the inverse of the meson mass at Q = 0. Therefore the
total diffractive cross-section of lighter vector meson such as the ρ meson should be a better probe of saturation
10
101 102 103 104
Wγp [GeV]
101
102
103
104
σ
(nb
)
E516, E401, E687
ZEUS (2002)
H1 data (2005)
H1 data (2013)
LHeC Simulation
LHCb (2014)
ALICE
γ∗+p     J/ψ +p 
IP-Sat (Saturation)
 m
c
=1.20 GeV
 m
c
=1.4 GeV
 m
c
=1.27 GeV
0 2000
Wγp [GeV]
0
500
1000
σ
(nb
)
E516, E401, E687
H1 data (2013)
ZEUS (2002)
H1 data (2005)
LHeC Simulation
LHCb (2013)
LHCb (2014)
ALICE
γ∗+p     J/ψ +p 
IP-Sat (1-Pomeron)
m
c
=1.27 GeV
m
c
=1.20 GeV
IP-Sat (Saturation)
m
c
=1.4 GeV
m
c
=1.4 GeV
m
c
=1.20 GeV
m
c
=1.27 GeV
FIG. 4: Left: Total J/ψ cross-section as a function of Wγp, compared to results from the IP-Sat model with different
charm massmc. Right: Total J/ψ cross-section as a function ofWγp, compared to the results from the IP-Sat (saturation)
1-Pomeron models with different charm mass mc. The experimental data are the same as in Fig. 2.
101 102 103 104
Wγp [GeV]
100
101
102
103
σ
 (n
b)
H1, Z >0.95  (1997)
IP-Sat, m
c
= 1.4 GeV
IP-Sat, m
c
=1.27 GeV
b-CGC, m
c
=1.4 GeV
b-CGC, m
c
=1.27 GeV
γ∗+p     ψ(2s)+p
Z = 1
102 103 104
Wγp [GeV]
10-1
100
101
102
103
104
σ
 (n
b)
H1, Z >0.95  (1997)
γ∗+p     ψ(2s)+p
CGC (IP-Sat, b-CGC)
1-Pomeron (m
c
=1.27 GeV)
1-Pomeron (m
c
=1.4 GeV)
Z= 1
FIG. 5: Left: Total ψ(2s) diffractive photoproduction cross-section as a function ofWγp, compared to results from the IP-
Sat and b-CGC models with different charm mass mc. Right: Similar to the left panel, the results of the CGC/saturation
(orange band) and 1-Pomeron models are compared. The experimental data are from the H1 collaboration [77] for quasi-
elastic (Z > 0.95) photoproduction of ψ(2s) while all theory curves are for elastic diffractive production with elasticity
Z = 1.
physics (see also below).
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theoretical curves are the results from the IP-Sat and b-CGC models with different parameter sets corresponding to
different charm masses. The experimental data are from the H1 Collaboration [78].
B. t-distribution of the diffractive production off protons and the origin of dips
In Fig. 8, left panel, we compare the saturation and non-saturation models results for the t-distribution of
the exclusive photoproduction of J/ψ at Q ≈ 0 with available data from HERA. It can be observed that at low
|t| where currently experimental data are available, one cannot discriminate between the saturation and non-
saturation (1-Pomeron) models and all three models: IP-Sat, b-CGC and 1-Pomeron, provide a good description.
However, at large |t| the models give drastically different results, namely both the IP-Sat and b-CGC saturation
models produce a dip while the 1-Pomeron model does not. In Fig. 8, right panel, we show the charm-mass
dependence of the t-distribution of exclusive J/ψ photoproduction. The appearance and position of the dip are
only slightly affected by the choice of charm mass. Therefore, in this respect, theoretical uncertainties due to
the charm mass are less important for the t-distribution than for the total cross-section.
In Fig. 9, we show our predictions for the t-distribution of exclusive J/ψ photoproduction at LHC/LHeC
energies Wγp = 1, 5 TeV at two virtualities Q
2 = 0, 10GeV2 obtained from the IP-Sat (saturation) and the
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FIG. 7: Left: Total diffractive ρ cross-section as a function of Wγp at different virtualities Q
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mu,d,s = 0.01 and 0.14 GeV. The experimental data are from [79, 80].
1-Pomeron models. In the saturation model, the dip shifts to smaller values of |t| for smaller Q and for higher
Wγp. Note that saturation effects are expected to become more important at low virtualities and high energies.
In Fig. 10, we compare the results obtained from the IP-Sat and b-CGC models with those from the 1-
Pomeron model, for the t-distribution of the elastic photoproduction of vector mesons6 J/ψ, ψ(2s), φ and ρ
off the proton at an energy accessible at the LHC/LHeC, Wγp = 1 TeV, for Q = 0. Drastic different patterns
for the diffractive t-distribution also emerge between saturation and non-saturation models for lighter vector
meson production such as ρ and φ, with the appearance of multiple dips. Note that the prospects at the LHeC
[4] indicate that access to values of |t| around 2 GeV2, required to observe the dips for J/ψ, is challenging.
On the other hand, the accuracy that can be expected at lower |t| should allow to observe the bending of the
distributions. And lower values of |t| for lighter vector mesons should be clearly accessible, probably even at
the EIC [3] but for smaller Wγp.
The emergence of a single or multiple dips in the t-distribution of the vector mesons in the saturation models
is directly related to the saturation (unitarity) features of the dipole scattering amplitude N at large dipole
sizes. In order to see more clearly this effect, let us define a t-distribution of the dipole amplitude in the following
way:
dσdipole
dt
= 2π
∣∣∣ ∫ Λr
0
rdr
∫
d2b e−ib·∆N (x, r, b)
∣∣∣2, (21)
where Λr is an upper bound on the dipole size. The above expression is in fact very similar to Eqs. (1), (2), see
also Ref. [13]. Note that in Eq. (1), the overlap of photon and vector meson wave functions gives the probability
for finding a colour dipole of transverse size r in the vector meson wave function and it naturally gives rise to
an implicit dynamical cutoff Λr which varies with kinematics and the mass of the vector meson. The cutoff
Λr is larger at lower virtualities and for lighter vector mesons. On the other hand, quantum evolution leads to
unitarity constrains on the amplitude at lower dipole sizes with decreasing values of x or increasing energies.
6 In the case of φ meson, we use boosted Gaussian wavefunction with parameters given in Ref.[14]. For other vector mesons, we
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Thus, by varying the cutoff Λr, one probes different regimes of the dipole from colour transparency to the
saturation regime.
In the 1-Pomeron model, since the impact-parameter profile of the dipole amplitude is a Gaussian for all
values of r, its Fourier transform becomes exponential for all values of t irrespective of the value of the cut-off.
For low Λr, the integrand in Eq. (21) is in the colour transparency regime (or the 1-Pomeron limit of the
IP-Sat model), and the b-dependence of the amplitude is Gaussian and consequently its Fourier transform is
exponential for all values of t. However, in a case with a large cutoff Λr, the typical dipole size which contributes
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to the integral is within the unitarity or black-disc limit, see e.g. [81], with N → 1 (see Fig. 11 right panel).
Then, the Fourier transform of the dipole amplitude leads to a dip or multi-dips, as seen in Fig. 11 (left panel).
The saturation effect becomes more important at smaller Bjorken-x or larger Wγp, and lower virtualities Q
where the the contribution of large dipole sizes becomes more important, leading to a large effective Λr and
consequently to the dip-type structure.
For lighter vector mesons, the overlap extends to larger dipole sizes resulting in a dip structure as seen
in Fig. 11. The full calculation computed from Eq. (2) and shown in Fig. 10, indeed supports the fact that
lighter vector mesons (which naturally have a larger Λr) develop multiple dips within the same kinematic region
in which the heavier vector meson has a single dip (with a correspondingly smaller Λr), consistent with the
expectation in the saturation picture shown in Fig. 11 (left panel). The exact position of dips and whether the
t-distribution has multiple or a single minimum depend on the value of dynamical cutoff Λr (via the kinematics
and the mass of vector mesons) and the impact-parameter profile of the saturation scale. In the case of ψ(2s)
vector meson, although the scalar part of the ψ(2s) wave function extends to large dipole sizes, due to the
node effect, there is large cancellation between dipole sizes above and below the node position. As a result,
the total cross-section of ψ(2s) is suppressed compared to J/ψ production as seen in Fig. 6 and the dip in
the t-distribution moves slightly to higher |t| compared to diffractive J/ψ production. We recall that ψ(2s)
is slightly heavier than J/ψ and consequently the dip (for a heavier vector meson) moves toward higher |t|
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compared to J/ψ production.
Admittedly, the impact parameter dependence in saturation models lies in the domain of non-perturbative
physics as commented previously and is, at present, put by hand and adjusted to data. A Gaussian profile
is usually considered, but one could also try another profile whose Fourier transform leads to dips in the
diffractive distribution. Therefore, the presence of dips cannot be considered, per se, as a signal of saturation.
But it is important to note that the main difference between a dipole model with linear and non-linear evolution
(incorporating saturation effects through some specific model as those employed in this work) is that the former
does not lead to the black-disc limit and, therefore, the dips do not systematically shift toward lower |t| by
increasing Wγp, 1/x, and r or 1/Q, while the latter does. Non-linear evolution evolves any realistic profile in
b, like a Gaussian or Woods-Saxon distribution, and makes it closer to a step-like function in the b-space by
allowing an increase in the periphery of the hadron (the dilute region) while limiting the growth in the denser
center, see Fig. 12 for illustration. This leads to the appearance of dips with non-linear evolution even if the
dips were not present at the initial condition at low energies or for large x (e.g. a Gaussian profile), or to the
receding of dips towards lower values of |t| even if they were already present in the initial condition (e.g. with
a Woods-Saxon type profile). In Fig. 12, we show the evolution of the effective impact-parameter profile of the
dipole amplitude defined as T eff(b) = N (x, r, b)/σdipole(x, r) with x and r in different models. It is clearly seen
that in the saturation models, by increasing 1/x or r, the effective impact-parameter profile T eff(b) naturally
evolves towards a step-like function with a dynamical median extended to a larger b while, in contrast, in the
1-Pomeron dipole model T eff(b) does not change with r and x. Note that the typical impact-parameter of
collisions is approximately related to the inverse of |t|, namely |t| ∝ 1/b, see Eqs. (1), (2) or Eq. (21). Now,
at small |t|, the typical collisions are mostly peripheral and the system is in the dilute regime with a Gaussian
profile. Therefore, saturation effects become less relevant, and there will be no dip in the t-distribution. On
the other hand, at large |t| the typical collisions are central, and interactions probe the high-density region of
the target proton. Then saturation effects become important and distort the impact-parameter profile leading
to diffractive dips.
The position of the dip in the t-distribution is presently rather model dependent. This is mainly due to the
fact that the appearance of dips probes the dipole scattering amplitude in the saturation regime, where current
available data at small x do not constrain sufficiently the dipole models [12, 32]. The exact position of the dip can
only be numerically computed and depends on the effective dipole transverse size probed by the system (via a
convolution between vector meson overlap wavefunction and the dipole amplitude) and impact-parameter profile
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FIG. 12: Effective impact-parameter profile of the dipole amplitude defined as T eff (b) = N (x, r, b)/σdipole(x, r) in
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size r (left panel), and for a fixed r and two different values of x (right panel).
of the saturation scale. Nevertheless, it is qualitatively expected that the dip becomes stronger or moves to lower
|t| for the case that the saturation or unitarity effects probed by the system at a given kinematics and impact
parameter become more important. The saturation scale in the IP-Sat and b-CGC models is approximately
similar at the HERA kinematics for the typical impact-parameter probed in the total γ⋆p cross-section of about
b ≈ 2 ÷ 3GeV−1 [12]. However, at very small x and large |t| the effective impact-parameter profile of the
dipole amplitude in these two saturation models is different. This is shown in Fig. 12 where it is seen that in
the b-CGC model because of non-trivial correlations between x and b, the effective impact-parameter profile
of dipole tends to flatten sooner with lowering x and/or increasing dipole transverse size r compared to the
IP-Sat model. Therefore, the black disk limit is probed slightly faster in the b-CGC model than in the IP-Sat
model, and consequently the dip (or dips) appears at lower |t| in the b-CGC model compared to the IP-Sat
model. This general expectation is, remarkably, in accordance with the results obtained from full computation
for different vector mesons shown in Fig. 10. We also numerically verified that changing kinematics (Wγp and
Q) does not alter this feature.
V. CONCLUSION
In this paper, we investigated the exclusive production of vector mesons in high-energy collisions. We extended
previous studies [13, 14] by using saturation models fitted to the most recent inclusive DIS data and including in
our analysis the recent experimental diffractive data from the LHCb [40, 41] and ALICE [42] collaborations, and
the combined HERA analysis [44, 45]. We showed that the recent LHC data on diffractive J/ψ photoproduction
are in good agreement with the saturation/CGC predictions while there are some tensions between recent
LHCb and ALICE data with the 1-Pomeron model and pQCD results, see Figs. 3, 4 (right panel). This can
be considered as the first hint of saturation effects at work in diffractive photoproduction of vector mesons off
proton at the LHC.
We provided predictions for the total cross-section of diffractive photoproduction of J/ψ, ψ(2s) and ρ within
the gluon saturation/CGC picture at the LHC and future colliders. To single out the non-linear effects due to
saturation, we also compared with those results obtained in the 1-Pomeron model. We also provided predictions
for the ratio of diffractive production of ψ(2s) to J/ψ, namely R = ψ(2s)/J/ψ at HERA and the LHC. We
showed that while at high virtualities R has little |t| andWγp dependence, it moderately increases with virtuality
Q at a fixed Wγp. We also found that the photoproduction ratio R(Q = 0) increases with Wγp and becomes
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sensitive to different saturation models.
We showed that the t-differential cross-section of exclusive production of vector mesons in high-energy colli-
sions offers a unique opportunity to probe the saturation regime. We quantified some theoretical uncertainties
and showed that the appearance of a dip or dips in the diffractive t-distribution of the different vector mesons
(J/ψ, ψ(2s), φ, ρ) is a robust prediction of the saturation picture. In non-saturation models, dips are either
absent or expected to lie at larger |t| and not to shift towards smaller |t| with increasing energy. The position
of the dip is presently rather model dependent, see Fig. 8. This is mainly due to the fact that the appearance
of dips probes the dipole scattering amplitude at large dipole sizes in the saturation regime, where current
available data at small x do not constrain sufficiently the dipole models [12, 32]. On the positive side, future
experimental data, in particular at the LHeC, on the energy and t diffractive distributions of different vector
meson production off protons, will provide valuable constraints on saturation models and allow us to unravel
the relevance of non-linear effects in the accessible kinematic region.
We recall that the t-distribution of all vector mesons, as well as DVCS, at HERA, can be correctly reproduced
by fixing the impact-parameter profile of the colour dipole amplitude at small |t|, despite the fact that the vector
meson and DVCS wave functions are very different [11, 12]. This strongly hints at universality of the extracted
impact-parameter distribution of gluons in the periphery of the proton. On the other hand, at large |t| where
we do not have currently experimental data, one can probe the transverse spatial distribution of gluons in the
center of the proton where the black-disc limit could be at work. Therefore, the t-distribution of diffractive
vector mesons would provide the most important information on the relevance of saturation dynamics. Besides,
the impact parameter distribution of gluons in protons and nuclei (a natural extension of our work that can be
explored in electron-nucleus colliders [3, 4], see also [81–84]) is a crucial ingredient for a detailed characterisation
of the initial conditions in heavy ion collisions. Note that the effects of fluctuations and correlations on the
proton are not incorporated into our formulation. This is an important issue that certainly deserves separate
study.
Note that diffractive vector meson production off a nucleus is quite different from a proton target. The
diffractive interaction with the nuclear target can either be elastic (coherent) or inelastic (incoherent) - in the
latter case the nucleus subsequently radiates a photon or breaks up into colour neutral fragments, while in
the former, the nucleus stays intact. The coherent cross section is obtained by averaging the amplitude before
squaring it, |〈A〉N |2, and the incoherent one is the variance of the amplitude with respect to the initial nucleon
configurations N of the nucleus 〈|A|2〉N − |〈A〉N |2 which according to the Good-Walker picture measures the
fluctuations or lumpiness of the gluon density inside the nucleus. In the case of a nucleus, the diffractive
production rate is controlled by two different scales of 1/Rp and 1/RA with Rp and RA being the proton and
nucleus size. At momentum scales corresponding to the nucleon size |t| ∼ 1/R2p the diffractive cross section is
almost purely incoherent. The t-distribution in coherent diffractive production off nucleus gives rise to a dip-type
structure for both saturation and non-saturation models, while in the case of incoherent production at small
|t|, both saturation and non-saturation models do not lead to dips [83, 84]. This is in drastic contrast to the
diffractive production off proton where only saturation models lead to dip-type structure in the t-distribution
at values of |t| that can be experimentally accessible. Therefore, diffractive production off nucleus is a sensible
probe of unitarity effects at the nuclear level while being less sensitive to the unitarity limit and saturation
effects inside the proton.
Finally, note that diffractive dips in t-distribution were also observed in elastic hadronic reactions [85, 86].
However, it remains to be understood whether the origin of the dips in elastic hadronic reactions and diffractive
DIS is the same. In contrast to diffractive DIS, the differential cross-section of elastic proton-proton collisions
is not currently computable in the weak coupling regime due to the absence of a large scale, and some phe-
nomenological models are often employed (for a review see Ref. [87]). Nevertheless, in both cases multiple parton
interactions or multiple Pomeron exchanges seem to play an important role in the appearance of dips in the
t-distribution, see e.g. [88, 89].
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